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a b s t r a c t
Dust storms resulting from synoptic-scale mid-latitude frontal systems affect inland, eastern Australia,
predominantly through spring and summer but extend to the east coast only rarely when strong, frontal
westerly winds crossing the continent are sustained over the coast. Here it is shown that extreme
westerly wind dust events are anomalous to the more pervasive southerly winds that have shaped the
sand dunes over inland eastern Australia. It is also shown that while antecedent dry conditions are very
important, higher SON and DJF dust storm frequencies from 1957 to the mid-1970s occurred due to both
anomalously strong, southerly winds existing on the western side of a cyclonic anomaly adjacent to the
east Australian coast, which resulted from the state of the Paciﬁc climate system, and an anticyclonic
anomaly at the top of the Great Australian Bight. A change in BoM observing practice, after 1973, is
unlikely to be the major cause of changes in total dust frequency from the mid-1970s. Rather, extreme
rainfall years are more likely to have been a major contributing factor to the large decreases in dust
occurrence from 1973 to 1976, in addition to the other La Niña periods of 2000/01 to 2010/11. Synoptic-
scale frontal systems in the westerlies that result in the transport of dust remained low in frequency
throughout the whole period from 1957 to 2011. However, those dust storms in the westerlies that do
reach the east coast, although infrequent, tend to occur during El Niño-dominated years. On the other
hand, they occur during both negative and positive phases of the southern annular mode (SAM). This
ambiguity with the SAM phase is consistent with the fact that the mid-latitude westerlies and associated
frontal systems are usually at their most equatorward position in Australian longitudes in late winter/
spring regardless of the SAM phase. This suggests little change is likely in the frequency of westerly
induced dust storms in late winter/spring over central/eastern Australia even though the seasonal
westerly winds are expected to contract further poleward under increased global warming. However,
a complicating factor is that the increasing likelihood of longer dry spells under climate change would
imply reduced vegetation for longer periods over the dust-prone source region of Lake Eyre basin, which
could worsen the impact of dust storm events. Furthermore, longer dry spells throughout the year would
increase the risk of more frequent westerly dust storm events in other seasons when strong, westerly
frontal systems can also occur.
& 2013 The Author. Published by Elsevier B.V.
Introduction
Dust storms are an important part of the global dust cycle. For
example, atmospheric dust potentially affects the radiative balance
and chemical composition of the atmosphere and may provide
nutrients to terrestrial and marine ecosystems (Kohfeld and
Harrison, 2001). Dust can also contribute to land degradation,
resulting in economic loss, reduced biological diversity and social
hardship while immediate effects include adverse impacts on
human health and local disruption of transport through reduced
visibility. The ﬁrst spatial study of dust storm occurrence over
Australia was by Middleton (1984), who found the highest fre-
quency of dust storms occur in the centre of Australia, where there
was an average of 10.8 at Alice Springs and a maximum of 65
events per year. Previous studies have investigated wind regimes
associated with Australian dust storms. For example, Ekström et al.
(2004) identiﬁed September to February dust storms over inland
Australia as being most likely controlled by the timing of non-
precipitating cold fronts over southern and central Australia. They
concluded that the dust storm occurrence is related to the extent
to which ridging from the subtropical Indian Ocean high dom-
inates the Great Australian Bight (GAB). A more westward dis-
placement of high pressure in the GAB allows cold fronts to enter
the continent and increase the potential for dust storm activity.
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Lamb et al. (2009) noted a decrease in September–February dust
storm frequency over central eastern Australia from the mid-1970s
in the context of the Paciﬁc-wide climate system. They showed
that the dust oscillation was associated locally with a strengthen-
ing and then weakening of the southerly component of the low-
level tropospheric wind over the dust-prone region. Leslie and
Speer (2006) found that from a total of 55 dust storm occurrences
over central eastern Australia between January 1995 and February
2005, there were 43 associated with cold fronts. Of those 43, 24
fronts were embedded in the zonal westerlies and the remaining
19 resulted from cold fronts over eastern Australia where high-
pressure systems over the GAB generated strong post-frontal
south to southeast winds. This questions the larger proportion of
westerly wind-induced dust occurrences than southerly wind dust
occurrences from 1995 to 2005, given that prior to the mid-1970s
southerly wind occurrences dominate. The main aim of this study
is to highlight the strong inﬂuence that tropospheric circulation
changes of the Paciﬁc climate system and resulting synoptic
characteristics had on dust storm frequency and impact over
central eastern Australia prior to the mid-1970s compared to the
post mid-1970s.
Data and methodology
Dust observations
The inclusion of dust observations from the Australian Bureau of
Meteorology (BoM) in this study covers the September–February
period from 1957/58 to 2010/11. There were some important changes
in BoM dust observing practice over the period. Centred on 1957, the
International Geophysical Year, there was a gradual increase in the
number of BoM stations Australia-wide. The 12 BoM stations in this
study have complete records for the whole study period, except for
Dubbo after 1999 and after 2001 for Boulia. There was a Paciﬁc-wide
climate shift in the mid-1970s, which has been reported by several
authors (Lamb et al., 2009; Trenberth and Hurrell, 1994; Meehl et al.,
2009). In order to address a hypothesised decrease in dust days
between the two periods 1957/58 to 1975/76 and 1976/77 to 2010/11
(hereafter referred to as P1 and P2, respectively), the change in the
way dust was reported from 1973 is described in the following
section. Also presented in the following section is an analysis of the
dust frequency differences between P1 and P2 in terms of the mean
3 pm daily wind speed, wind direction and mean daily wind speed at
four of the 12 synoptic stations.
Methodology
The area of interest is deﬁned as the Lake Eyre drainage basin of
central eastern Australia (Fig. 1), which is the main dust source region
that affects eastern Australia (McTainsh and Pitblado, 1987). In this
study, a dust day is deﬁned when any one of the 12 BoM stations
covering central eastern Australia within the Lake Eyre basin source
region reported a synoptic observation with a dust code. In other
words, if at least one station reported dust at one of the routine daily
synoptic reporting times then it was included as an occurrence.
Each dust day observation of the 12 reporting stations from Septem-
ber to February 1957–58 to September to February 2010–11 were
then classiﬁed synoptically from the BoMMSLP archives as southerly,
if the frontal wind changed to a southerly owing to high pressure in
the GAB, westerly if the frontal system in the GAB was embedded
either in the zonal westerly winds or low pressure itself was located
in the GAB or local, if dust was reported in locally strong winds not
associated with a frontal system.
Prior to 1973, there were several codes for reporting dust at
synoptic times relating to the timing of observed dust. From 1973
these codes were changed with a resulting increase in use of an
existing code. Similarly, several codes describing dust severity
were changed to include visibility thresholds, which also increased
the use of the existing code. The end result was that even though
the number of codes for reporting dust reduced from 1973 one
would expect neither a decrease nor an increase in dust reporting
after 1973. However, an analysis is presented of four individual
September–February station dust data to support this proposition.
The four stations (Alice Springs, Boulia, Charleville and Hay)
have purposely been chosen to represent a sample covering
an arc from the north through northeast, east and southeast,
which maximises the area covered by the inﬂuence of the Lake
Eyre basin (Fig. 1). There certainly is a decrease in dust after 1973
(Fig. 2a), but extreme rainfall occurred over eastern Australia
between 1973 and 1976. This La Niña period was arguably
the second most pronounced back-to-back La Niña periods over
the last century (Record-breaking, 2010) and was very likely the
major cause of reduced dust storm activity in other La Niña
periods (see Fig. 2a). Therefore, dust day frequency for the four
individual stations of Alice Springs, Boulia, Charleville and Hay
shown in Fig. 2(b) conﬁrms the decrease in dust in La Niña periods
found for the total 12 stations in Fig. 2(a). Table 1 shows for
Fig. 1. Map of central eastern Australia centred on the Lake Eyre basin showing 12
representative BoM dust reporting stations. All 12 stations recorded at least 9 am
and 3 pm synoptic observations of dust from 1957 to 2011 except after 1999 for
Dubbo and after 2001 for Boulia when both became automatic weather stations.
Also shown are central Australian dune ﬁelds mapped from Landsat TM imagery
(after Hesse (2010), Fig.1) with principal dune ﬁelds named. Light grey areas are
sand plains; medium grey areas are dune ﬁelds. Representative longitudinal dune
orientations are shown by black lines. State names and borders have been added.
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September–February the mean 3 pm daily wind speeds and mean
daily wind speeds for all days and dust days only of the four
stations divided into the two periods 1957/58 to 1975/76 and
1976/77 to 2010/11 (P1 and P2). In both periods, the 3 pm mean
wind speeds of dust days only for the four stations (including the
eight not shown) are signiﬁcantly higher statistically (1% level)
from those of all days. Similarly, their mean daily wind speeds of
dust days only are signiﬁcantly higher than their mean daily wind
speeds of all days for both periods, conﬁrming that days on which
dust are recorded tend to be much windier than days when no
dust is recorded, as expected.
The orientation of the longitudinal sand dunes shaped by the
wind in Fig. 1 should be reﬂected in the wind direction such that
those stations to the north and northeast (Alice Springs and Boulia,
respectively) should have predominantly southerly winds while
further south, particularly Hay, an increasingly westerly wind
component should be evident. This is indeed the case in the pie
diagrams of wind direction for three of the four stations in Fig. 2(c).
There is a predominant southerly component wind compared to
westerly winds for all days at Alice Springs in P1, whereas for dust
days southerly wind events slightly decrease at the expense of
westerly events but still dominate. However, in P2 the proportion
of westerly dust events compared to southerly events becomes
larger. At Boulia, southerly winds dominate all days and dust days
for both periods with just a slight increase in westerly winds for
dust events compared to all days for both periods. Charleville is
Fig. 2. (a) Total number of southerly, westerly and local dust days for September to February 1957/58 to 2010/11 covering central eastern Australia based on 12 synoptic
reporting stations. Also plotted is the percentage area of eastern Australia (deﬁned by the states of QLD, NSW, Victoria and Tasmania) covered by decile 10 annual rainfall.
Years above 40% area covered by decile 10 are marked individually. (b) Total number of southerly, westerly and local dust days for September to February 1957/58 to 2010/11
for the four stations of Alice Springs, Boulia, Charleville and Hay. (c) Pie diagrams relating to the four stations, Alice Springs, Boulia, Charleville and Hay, showing proportions
of wind direction (deg.), frequency of dust days only (top left panel of each station for P1; bottom left panel of each station for P2) and all days (top right panel of station for
P1; bottom right panel of each station for P2). Yellow signiﬁes predominantly southerly component winds, red signiﬁes predominantly westerly component winds and light
blue represents mostly northeast component winds.
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interesting because while southerly winds dominate all days for
both periods compared to westerly winds, dust events occur more
frequently as westerly events than southerly events for both periods.
A possible explanation is that the Charleville area in central southern
Queensland, in addition to being inﬂuenced by anticyclonic winds
from high-pressure in the GAB, is also inﬂuenced by the oscillatory
nature of the well-known quasi-permanent northeast Australian
surface heat trough in the warmer spring/summer months with
westerly winds converging into the trough on its western side
(Skinner and Leslie, 1999). Southerly component winds dominate
for all days at Hay in both periods. Southerly dust events occur in
about the same proportion as westerly events in P1 (note, however,
that they are all southwesterly with no southeasterly events in the
top left panel for Hay). However, southerly dust events decreased
markedly in P2, reﬂecting the rise in westerly dust events generally
during P2 for the 12 stations shown in Fig. 2(a).
The September–February dust data for P1 and P2, including the
seasonal break-up (SON and DJF), were then related to surface
(MSLP) vector wind anomalies in order to assess changes in the
main synoptic characteristics of weather systems responsible. The
resulting images were provided by the NOAA/ESRL Physical
Sciences Division, Boulder Colorado (http://www.esrl.noaa.gov/
psd/), which were originally developed from the NCEP/NCAR
reanalysis project by Kalnay et al. (1996). The southern annular
mode (SAM), alternatively referred to as the Antarctic oscillation
(AAO), is the leading mode of variability in the extra-tropical
southern hemispheric circulation and is characterised by deep,
zonally symmetric or “annular” structures with geopotential
height perturbations of opposing signs in the polar cap region
and in the surrounding zonal ring centred near 451S (Thompson
and Wallace,2000). The AAO (SAM) index originally developed by
Gong and Wang (1999) is slightly different from the modiﬁed Nan
and Li index (Nan and Li, 2003) that is used here and is deﬁned as
the difference in the normalised monthly zonal MSLP between
401S and 701S. The seasonal SAM data values were sourced from:
http://web.lasg.ac.cn/staff/ljp/data-NAM-SAM-NAO/SAM-AAO.htm.
Results and discussion
Analysis of dust day occurrence in terms of extreme rainfall
As shown in Fig. 2(a), a noticeable feature is the large number
of dust occurrences prior to the mid-1970s' climate shift (see Lamb
et al., 2009). Also plotted on Fig. 2(a) are the years showing the
percentage area of eastern Australia covered by decile 10 rainfall.
For rainfall purposes, the BoM deﬁnes eastern Australia by the area
that includes Queensland, NSW, Victoria and Tasmania at: http://
www.bom.gov.au/climate/change/about/temp_timeseries.shtml.
In such high-rainfall years, vegetation is likely to be a promi-
nent feature over the normally sparsely vegetated Lake Eyre
drainage basin and hence hinder dust storm generation. Clearly,
there is a drop in dust day occurrence in each of the decile 10
rainfall years marked. Particularly noticeable are the very few dust
day observations from September to February during the La Niña
Table 1
Mean 3 pm daily wind speed (km/h) and number of observations (N), mean daily wind speed (km/h) and number of observations (N) for both P1 and P2 for the 4 stations:
Alice Springs, Boulia, Charleville and Hay. Also shown is the number of daily synoptic observations for each station.
Station Period (Sep to Feb) Mean 3 pm daily wind speed (km/h)
and number of observations (N)
Mean daily wind speed (km/h)
and number of observations (N)
Number of daily synoptic
observations
Dust days N All days N Dust days N All days N
Alice Springs 1957–1975 22.5 230 15.0 3421 18.5 233 10.9 3444 7 to 8
1976–2011 24.8 76 16.1 6321 17.8 76 11.9 6343 8
Boulia 1957–1975 27.0 164 12.6 3330 25.8 165 13.1 3380 7
1976–2011 19.5 68 11.5 6190 19.5 68 10.8 6317 7
Charleville 1957–1975 19.7 91 12.7 3363 13.9 91 9.2 3384 7 to 8
1976–2011 22.0 36 15.1 6321 15.8 36 11.8 6342 7 to 8
Hay 1957–1975 30.2 26 15.2 3125 28.1 27 15.5 3376 2 to 4
1976–2011 22.5 79 9.0 6088 15.6 79 7.4 6285 2 to 4
Fig. 3. (a) Total number of southerly, westerly and local dust days for SON 1957 to 2010 Also shown is the SAM index for SON, (b) Total number of southerly, westerly and
local dust days for DJF 1957/58 to 2010/11. Also shown is the SAM index for DJF.
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periods of 1973–76, 2000–01 and 2011. La Niña periods are deﬁned
by the BoM at: http://www.bom.gov.au/climate/enso/lnlist/.
Dust frequency related to tropospheric circulation changes
In both SON (Fig. 3a) and DJF (Fig. 3b) prior to the mid-1970s, dust
storms associated with southerly wind anomalies dominate. In SON,
dust storms with westerly frontal systems are more frequent than in
DJF. This is not surprising since by summer the seasonal poleward
movement of the mid-latitude westerlies starts occurring. The
number of dust days classiﬁed as local increased in DJF compared
to SON. This is because thunderstorm-scale downdrafts and gusts are
likely to contribute more to local dust occurrences in DJF than in SON.
There was a major change to the above relationships among
southerly, westerly and local dust storms after the mid-1970s, in that
southerly occurrences decreased markedly down to a level approxi-
mately equal to the number of westerly occurrences. As a result the
total number of annual, SON and DJF dust frequencies have remained
much less than prior to the mid-1970s. However, the strong southerly
wind anomalies prior to the mid-1970s over eastern Australia emanate
from the state of the Paciﬁc climate system then, rather than from an
increase in GAB frontal systems, as Ekström et al. (2004) concluded.
The south to southeasterly wind anomalies are located on the western
side of a cyclonic pressure anomaly adjacent to the east Australian
coast at the surface and through the depth of the troposphere over
northeast Australia. The surface (MSLP) vector wind anomalies are
shown in Fig. 4 for P1 and P2. A similar feature in both ﬁgures is the
anticyclonic vector wind anomalies emanating from the GAB and over
South Australia, even though the vector wind anomalies are much
weaker (an order of magnitude less) and variable in direction over
central eastern Australia after 1976 (Fig. 4b). Nevertheless, this implies
that southerly vector wind anomalies are a regular feature inﬂuencing
wind-blown dust over central eastern Australia. This is exempliﬁed on
larger, geological time scales by the orientation of longitudinal sand
dunes in the Lake Eyre basin (Hess, 2010). Longitudinal dunes are
elongated ridges of aeolian sediments that run parallel to the resulting
vector winds creating the sand movement (King, 1960). Fig. 1 shows
these longitudinal dunes as having been shaped by westerly winds in
the south of the basin with south to southeast-shaped longitudinal
dunes over northwest NSW, northeast South Australia, western
Queensland and the Northern Territory.
Dust frequency and SAM
Even though more frontal systems penetrated inland southern and
central Australia prior to themid-1970s owing then to large-amplitude
mid-tropospheric troughs in a negative phase of the SAM (see Speer
et al., 2009), it was the Paciﬁc climate system inﬂuence of producing
enhanced south to southeast wind anomalies that resulted in the
larger frequency of dust storms. Over the study period from 1957 to
2011 the SAM index has trended from a negative phase in the 1950s
and the 1960s to increasingly positive. This has resulted in a poleward
contraction of frontal systems affecting southern and central Australia
(e.g. Hendon et al., (2007); Meneghini et al., (2007)) and yet total
westerly dust storm frequency emanating from the Lake Eyre basin has
changed little. The most likely explanation is that in the resulting
lower-rainfall regime across southern Australia, transient strong, but
nevertheless, infrequent westerly frontal systems (particularly in SON)
have been slightly more efﬁcient in producing dust storms than earlier
in the period. This follows from the fact that the SAM acts on shorter,
synoptic time scales of up to a few weeks (Hartmann and Lo, 1998;
Lorenz and Hartmann, 2001; Barnes and Hartmann, 2010) and in its
negative phase this is manifested as brief excursions of frontal
systems/zonal westerlies crossing eastern Australia at more equator-
ward latitudes than when SAM is in a positive phase. Moreover, the
zonal westerlies in SON have not yet retreated to the more poleward
latitudes of their DJF position. Fig. 3(a) and (b) highlights this lack of
association between increasing positive SAM values after the 1970s
and the stable overall frequency of westerly dust storms.
Fig. 4. (a) NCEP/NCAR reanalysis MSLP vector wind (m/s) composite anomaly for September–February 1957/58 to 1975/76. Contour interval¼0.1 m/s, Fig. 4(b) NCEP/NCAR
reanalysis MSLP vector wind (m/s) composite anomaly for September–February 1976/77 to 2010/11. Contour interval¼0.01 m/s.
Table 2
September–February dust storms that have reached Sydney on Australia's east
coast over the last 70 years (source: BoM signiﬁcant weather summaries). Also shown
are the antecedent rainfall conditions over the dust source region and whether during
an El Niño episode.
Date of dust
storm
Antecedent rainfall El Niño
4 and 8 Jan 1942a Decile 2–4 Apr. 1941 to Jan. 1942 ✓
2 Dec 1957 Below decile 4–7 from Mar. to Nov. 1957 ✓
24 and 29 Sep 1968 Mostly decile 2–3 from Lake Eyre
to Sydney Aug. to Oct. 1968
✗
25 Sep 2009 Below decile 3, May to Oct. 2009 ✓
a outside period of study.
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Dust storms reaching Australia's east coast
Whenwesterly winds result in dust storms reaching the Australian
east coast they affect a much more densely populated area than over
inland eastern Australia. However, these events are very rare within a
relatively small total number of westerly dust occurrences. For
example, Table 2 shows that there were 6 days in the last 70 years
from September to February when dust storms were reported in
Sydney on Australia’s east coast. Furthermore, all these occurred after
prolonged dry periods over the dust source region of the Lake Eyre
basin, including 5 of the 6 days when dust was observed during or
towards the end of El Niño episodes. The main point here is that even
in westerly dust occurrences, the extent to which dust will affect a
larger area extending to the east coast is determined by the state of
the Paciﬁc climate system.
Summary and conclusions
The pie diagrams of wind direction from the four stations show
that southerly dust events over eastern Australia (September to
February) have decreased after the mid-1970s’ climate shift and
that the corresponding frequencies of dust for the four individual
stations do reﬂect those frequencies for the 12 stations shown.
Changes in dust storm observing codes from 1973 are unlikely to
have been a major factor in the decrease after the mid-1970s.
Rather, extreme rainfall years are more likely to have been a major
contributing factor to the large decreases in dust occurrence from
1973 to 1976, in addition to the other La Niña periods of 2000–01
and 2010/2011.
Dust storms resulting from synoptic-scale mid-latitude frontal
systems affect inland, eastern Australia predominantly through
spring/early summer but extend to the east coast only rarely when
strong, westerly winds crossing the continent are sustained over
the coast. These extreme westerly wind dust events are anomalous
to the more pervasive southerly wind dust events that shape the
sand dunes over central inland eastern Australia. Therefore,
a change in dust storm frequency affecting the densely populated
east coast is subject to changes in a small number of extreme
events. With typically low annual rainfall totals over the dust
source region of the Lake Eyre basin, the main climate drivers
affecting widespread eastern Australian dust storms are antece-
dent dry conditions, predominantly associated with El Niño
episodes, as already noted in previous studies. It was shown,
however, that although antecedent dry conditions are very impor-
tant, the synoptic-scale frontal systems that result in the transport
of dust over the east coast occur during both negative and positive
phases of the southern annular mode. This ﬁnding is consistent
with the fact that the mid-latitude westerlies are usually strongest
at their most equatorward position in Australian longitudes in late
winter/spring, regardless of the SAM phase. It was also shown that
the state of the Paciﬁc climate system is important in determining
the larger frequency of dust storms in the La Niña-dominated
period prior to the mid-1970s as a result of the stronger southerly
wind vector anomalies then present.
The stable total frequency of westerly wind-induced dust
storms during spring/summer over central eastern Australia
during the two periods suggests little change would be expected
regarding their frequency over time even though the seasonal
westerly winds are expected to contract further poleward under
increased global warming. However, a complicating factor is that
the increasing likelihood of longer dry spells under climate change
would imply reduced vegetation for longer periods over the dust-
prone source region of Lake Eyre basin, which could worsen the
impact of dust storm events. Furthermore, longer dry spells
throughout the year would increase the risk of more frequent
westerly dust storm events in the other seasons (autumn/winter)
when strong, westerly frontal systems may also occur.
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